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ABSTRACT Eukaryotic DNA-dependent RNA polymerases (Pols I–III) encode two dis-
tinct alpha-like heterodimers where one is shared between Pols I and III, and the
other is unique to Pol II. Human alpha-like subunit mutations are associated with
several diseases including Treacher Collins Syndrome (TCS), 4H leukodystrophy,
and primary ovarian sufficiency. Yeast is commonly used to model human disease
mutations, yet it remains unclear whether the alpha-like subunit interactions are
functionally similar between yeast and human homologs. To examine this, we
mutated several regions of the yeast and human small alpha-like subunits and used
biochemical and genetic assays to establish the regions and residues required for
heterodimerization with their corresponding large alpha-like subunits. Here we show
that different regions of the small alpha-like subunits serve differential roles in heter-
odimerization, in a polymerase- and species-specific manner. We found that the
small human alpha-like subunits are more sensitive to mutations, including a
“humanized” yeast that we used to characterize the molecular consequence of the
TCS-causingPOLR1D G52E mutation. These findings help explain why some alpha
subunit associated disease mutations have little to no effect when made in their
yeast orthologs and offer a better yeast model to assess the molecular basis of
POLR1D associated disease mutations.
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homologs

INTRODUCTION

DNA-dependent RNA polymerases (Pols) are responsible for synthesizing RNA from
DNA in the process of transcription. In eukaryotes, there are at least three nuclear

Pols (Pols I–III). Pol I synthesizes three of the four ribosomal RNAs (rRNAs), while Pol II
synthesizes messenger RNAs (mRNAs) and many noncoding RNAs. Finally, Pol III syn-
thesizes transfer RNAs (tRNAs), small nuclear RNAs (snRNAs), and the 5S rRNA.
Although each Pol has a distinct number of subunits, the general structure of each
complex is conserved, including a heterodimer of alpha-like subunits.1,2

The alpha-like subunits are evolutionarily related to the bacterial Pol alpha subunit,
which forms a homodimer.3–6 The archaeal and eukaryotic alpha-like heterodimers are
composed of both a large and a small subunit that share a conserved dimerization
structural fold resembling their bacterial counterpart.2,7–9 The alpha-like heterodimers
share common structural features, including a highly conserved alpha-motif (⍺M) and
a long C-terminal helix (CTH). Together, the ⍺M and the CTH form a heterodimerization
domain which uses a leucine-zipper mechanism to dimerize.10,11 In eukaryotes, there
are two alpha-like heterodimers: one in Pol II and one that is shared between Pol I and
III. Specifically, the Pol II alpha-like heterodimer is composed of POLR2C and POLR2J in
humans and their yeast orthologs, Rpb3 and Rpb1112 (Fig. 1A; Table S1). Pols I/III
alpha-like heterodimer is composed of POLR1C and POLR1D in humans, and their
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orthologs AC40 and AC19 in yeast2 (Fig. 1A; Table S1). The alpha-like heterodimers, like
their bacterial counterpart, aid in Pol assembly and interact with other transcription
factors.2–4,12–14

The alpha-like heterodimers are essential and clinically significant as several dis-
eases are associated with mutations in each heterodimer. For example, mutations in
human alpha-like subunits POLR1D and POLR1C, shared between Pols I and III, cause
Treacher Collins Syndrome (TCS), a craniofacial disorder that is characterized by under-
developed facial structures.15–22 TCS results from decreased ribosome biogenesis in
neural crest cells that differentiate into the different facial bones and tissues. During
prenatal development neural crest cells fail to migrate properly and apoptoses, leading
to craniofacial malformations.23–27

Mutations in several Pol III subunits, including POLR1C, are associated with the
neurological disorder 4H (hypomyelination, hypodontia and hypogonadotropic hypo-
gonadism) and leukodystrophy, also known as POLR3-related leukodystrophy.28–36

Current molecular pathogenesis models suggest that Pol III subunit mutations cause
complex assembly impairments and localization defects, leading to diminished tRNA
synthesis and protein yield. Lack of protein synthesis causes defects in the synthesis or
maintenance of the myelin sheath, which results in a variety of neurological and sys-
temic defects throughout the body.37–40 Lastly, a truncation mutation in the Pol II sub-
unit POLR2C, is associated with primary ovarian insufficiency in women and a missense
mutation has been found to cause hearing loss and infertility in males.41,42 Currently,
the molecular pathogenesis of these Pol II diseases is unclear.

Although there are many disease mutations found within the alpha-like subunits,
few have been fully characterized at the molecular and biochemical level. This is in
part due to model systems failing to recapitulate a disease phenotype. For instance, in
yeast, only one TCS point mutation introduced into AC19, the yeast ortholog of human
POLR1D, causes a discernable phenotype.43 Likewise, in a yeast model of 4H leukodys-
trophy, there is not a discernable phenotype from single point mutations in the largest
Pol III subunit (Rpc160). However, when two point mutations in Rpc160 are combined

FIG 1 Conservation of the alpha-like subunits in yeast and human. (A) Common names for small and large ⍺-like heterodimer subunits. y, yeast; h, humans.
(B) Percent identity between small alpha-like subunit protein homologs. (C) Alignment of yeast and human small alpha-like subunit homologs protein
sequences. Residue conservation between homologs is indicated with purple highlighting. Light purple is conserved between two homologs and it ranges
up to dark purple where the residue is conserved between all four homologs. Red bar indicates the boundaries of the alpha-motif. An asterisk denotes
residues mutated to alanine in the alpha-motif mutant (D⍺m), and the green bar denotes residues deleted in the C-terminal helix deletion mutant (DCTD).
Dashes above the protein sequence indicate every 10 residues. (D) Surface representation of the human RNA polymerase I structure (PDB 7OB9). The
highlighted box is a zoomed in ribbon structure of the alpha–like heterodimer. POLR1C and POLR1D are colored in blue and purple, respectively. Residues
mutated in the D⍺m mutant are colored in red, and the residues deleted in the DCTD mutant are colored in green.
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a disease phenotype is seen.44 This parallels a mouse model of 4H leukodystrophy,
wherein a point mutation in POLR3A fails to recapitulate any of the defects seen in
humans with the same point mutation in the orthologous protein.45 Together, these
findings suggest a level of species-specificity in how the subunits function, highlight-
ing the importance of investigating the molecular and biochemical differences
between the alpha-like subunit orthologs.

Previous studies using yeast-two hybrid interaction assays to examine the regions
necessary for yeast and human Pol II alpha-like heterodimer formation found that dif-
ferent residues within the heterodimerization domain of each protein contribute to
heterodimerization to varying degrees.46 Therefore, it is possible that homologous het-
erodimers have different residue requirements for heterodimerization and would
respond differently to disease mutations. Understanding the differences in how the
orthologous and paralogous alpha-like subunits form their respective heterodimers
will help us improve the use of model systems to characterize pathogenic disease
mutations.

In this study, we investigated which domains and amino acids of the yeast and
human small alpha-like subunits are required for interaction with the large alpha-like
subunits, polymerase assembly, and for cell growth. We used several biochemical
assays to show that each small alpha-like homolog requires different residues for func-
tion and heterodimerization. We found that the human alpha-like subunits and a
humanized version of yeast AC19 were more sensitive to mutations than their yeast
orthologs, including a mutation associated with TCS. Together, our results show that
the alpha-like subunits use distinct interaction mechanisms for their heterodimeriza-
tion in both a species- and polymerase-specific manner, and this helps explain why
some disease mutations may not reveal disease phenotypes in model organisms.

RESULTS

Conservation of the small alpha-like subunits. The eukaryotic alpha-like subunits
are well conserved in terms of their sequence and structure. For example, pairwise
alignment of yeast Rpb11 and its human ortholog POLR2J2, reveals a 49% protein
identity47 (Fig. 1B and C). To lesser degree, but still significant, the pairwise comparison
of yeast Rbp11 to its paralogs yeast AC19 and human POLR1D have a 23–32% protein
identity, respectively (Fig. 1B and C). The alpha-like subunit heterodimers also occupy a
conserved peripheral position within their respective Pols14,48–51 (Fig. 1D). Given their
conservation in sequence, structure, and position, we expected that the alpha-like het-
erodimers would function similarly and likely heterodimerize by a similar mechanism,
but as we demonstrate below the heterodimers seem to dimerize by distinct
mechanisms.

The Pol II alpha-like complex heterodimerization. Previous studies showed that
the Pol II small alpha-like subunits, yeast Rpb11 and its human ortholog POLR2J2,
require distinct and species-specific heterodimerization interfaces for interaction with
yeast Rpb3 and human POLR2C, respectively.46 More specifically in a yeast two hybrid
assay, a cluster mutation in the highly conserved alpha-motif (D⍺M) of Rpb11 (E38A,
D39A, L42A) has relatively no effect on its genetic interaction with Rpb3, while deletion
of the Rpb11 C-terminal (DCTD) end residues 106–120 abolished genetic interaction
with Rpb3 (Fig. 1C and D). In the human ortholog, the corresponding ⍺M mutation
and CTD in POLR2J2 reduced but did not abolish genetic interaction with POLR2C. To
complement these findings in a more direct manner, we employed a combination of
protein-protein interaction assays and yeast growth assays to examine the importance
of the ⍺M and CTD for yeast Rpb11 biological function and heterodimerization.

We first developed an in vitro bacterial heterodimer co-expression system for both
the yeast and human Pol II alpha-like subunit complexes to investigate the direct phys-
ical interactions between the subunits. Yeast Rpb11 and its human POLR2J2 ortholog
contain a His6 tag fused to the N-terminus to allow for Ni-NTA affinity-based chroma-
tography. Using this system, we tested whether the D⍺M mutation and the DCTD
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affected the formation of the yeast Pol II heterodimer. We found that the DCTD muta-
tion in Rpb11 completely abolished interaction with Rpb3, whereas the D⍺M mutation
retained and enhanced binding to Rpb3 (Fig. 2A). These in vitro results are consistent
with the previous genetic interaction results described above for yeast Rpb11 and
human POLR2J2.

We next examined how the Rpb11 mutations impact yeast growth and Rpb3 inter-
action in vivo. Using a yeast plasmid shuffle assay, we found that the DCTD mutation
caused lethality, while the Rpb11 D⍺M mutant grew similar to wild-type, indicating
that the three mutated residues are not required for function of Rpb1152,53 (Fig. 2B).
Further, both Rpb11 mutants stably expressed in yeast cell compared to wild-type
Rpb11, indicating the lack of cell growth observed for the DCTD was not due to lack of
protein expression (Fig. 2C). Finally, immunoprecipitation of yeast Rpb11 and its
mutant variants showed that the DCTD mutation completely abolished Rpb3 inter-
action, while the D⍺M mutation retained wild-type levels of interaction with Rpb3 (Fig.
2D). Taken together, these findings confirm previous findings using both in vitro and
in vivo approaches that the C-terminus of yeast Rpb11 is critical for Rpb3 interaction.

To extend this further, we also examined the interaction of human POLR2J2 with
POLR2C in our in vitro co-expression system. Unlike the Rpb11D⍺M mutation, which
did not affect the interaction between Rpb11 and Rpb3, we found that the D⍺M muta-
tion in human POLR2J2 markedly reduced, but did not completely abolish, the inter-
action with POLR2C. And, unlike the Rpb11 DCTD mutation, which completely
abolished the interaction between Rpb11 and Rpb3, we found that the DCTD mutation
in human POLR2J2 retained some interaction with POLR2C (Fig. 2E). These results are
also consistent with previous yeast-two hybrid interaction assays showing that both
the ⍺M and CTD of POLR2J2 are required for heterodimerization in humans. Likewise,
our results utilizing direct interaction assays confirm that yeast Rpb11 and human

FIG 2 Effect of alpha-motif and C-terminal helix mutations on yeast Rpb11 and its human ortholog POLR2J2. (A) In vitro Ni-NTA pulldown of yeast His6-
tagged Rpb11 variants and HA-tagged Rpb3 co-expressed in bacteria. SDS-PAGE analysis and Coomassie stain of Ni-NTA purified proteins and inputs are
shown. (B) Yeast plasmid shuffle assay of Rpb11 variants grown on glucose media containing 5-FOA. (C) Western blot analysis assessing protein expression
levels of yeast Rpb11 variants. (D) Western blot analysis of immunopurified HA-tagged Rpb11 variants in a FLAG-tagged Rpb3 yeast strain. Input of the
immunopurified proteins is shown. (E) In vitro Ni-NTA pulldown of human His6-tagged POLR2J2 variants and HA-tagged POLR2C co-expressed in bacteria.
Western blot analysis of Ni-NTA purified proteins and SDS-PAGE analysis and Coomassie staining of Ni-NTA pulldown inputs are shown.
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POL2J2, although evolutionarily conserved in terms of their structure and function, rely
on different protein-protein surfaces to different degrees in heterodimer formation.

The Pol I/III alpha-like complex heterodimerization. To investigate the paralog-
specificity of the alpha-like subunit interactions, we used our co-expression system to
examine the interaction between the yeast Pol I/III heterodimer subunits AC40 and
AC19, which are paralogs of Rpb3 and Rpb11, respectively. Interestingly, mutation of
neither the ⍺M or CTD of AC19 had any effect on the interaction with AC40 in vitro
(Fig. 3A). Likewise in vivo, neither mutation in AC19 had an effect on yeast cell growth
and little impact on AC19 protein expression levels (Fig. 3B and C). Consistent with
these findings, both mutations immunoprecipitated near wild-type levels of AC40
in vivo (Fig. 3D). Together, these findings suggest neither the ⍺M or CTD alone is
required for AC40 interaction, which is distinctly different than the interactions
between the Pol II heterodimers, which required at least one or both regions being
required for the yeast and human paralogs.

Finally, we used our in vitro co-expression system to investigate the human Pol I/III
POLR1C and POLR1D heterodimer interactions. In striking contrast to AC19, the ⍺M
and CTD mutations in POLR1D completely abolished interaction with POLR1C (Fig. 3E),
indicating that the human Pol I/III is very sensitive to mutations in either of these
regions. This is similar to the human Pol II heterodimer, in that both regions are
required for heterodimerization, yet to a greater degree. More broadly, these findings
suggest that each alpha-like heterodimer in eukaryotes rely on the ⍺M and CTD to dif-
fering degrees and reveals both species and paralog specific requirements for their
heterodimerization.

Paralog-specific residues of yeast Rpb11 and AC19 are required for cell growth.
Given the different responses to regional mutations between the eukaryotic alpha-like
heterodimers, we hypothesized that they utilize distinct residues for their interaction
even though many of the residues within the dimerization domains are conserved in

FIG 3 Effect of alpha-motif and C-terminal helix mutations on the yeast AC19 and its human ortholog POLR1D. (A) In vitro Ni-NTA pulldown of yeast His6-
tagged AC19 variants and HA-tagged AC40 co-expressed in bacteria. SDS-PAGE analysis and Coomassie stain of Ni-NTA purified proteins and inputs are
shown. (B) Yeast plasmid shuffle assay of AC19 variants grown on glucose media containing 5-FOA. (C) Protein expression levels of AC19 variants in yeast
analyzed by Western blot. (D) Western blot analysis of immunopurified HA-tagged AC19 variants in a FLAG-tagged AC40 yeast strain. Input of the
immunopurified proteins is shown. (E) In vitro Ni-NTA pulldown of human His6-tagged POLR1D variants and HA-tagged POLR1C co-expressed in bacteria.
Western blot analysis of Ni-NTA purified proteins and SDS-PAGE analysis and Coomassie staining of Ni-NTA pulldown inputs are shown.
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terms of the biochemical nature and atomic position.48,54 To test this, we first analyzed
the structures of yeast Rbp11 and AC19 both visually and computationally using the
BIPSPI program to predict residues within the dimerization interfaces of each protein,
that might contribute to their interactions with Rpb3 and AC40, respectively.55 Nearly
all the Rpb11 residues within the dimerization domain were also predicted to be
important for AC19, further showing the conservation of the dimerization interface
structure.

We designed mutations in Rpb11 and AC19 where selected residue positions were
mutated to either a conservative alanine mutation or a radical mutation changing either
the charge or bulkiness of the residue. For each protein, we created a total of 29 single
amino acid mutations in 13 residues: 10-point mutations in the ⍺M at five residue posi-
tions and 17-point mutations in the C-terminal helix (CTH) at eight residue positions.
We also included two alanine cluster mutations: one in the ⍺M in Rpb11 residues D39,
H40, and T41 and AC19 residues D69, H70, and T71, and the second in the CTH, where
we mutated Rpb11 residues C91, I94, and I95, AC19 residues L121, L124, and M125.
Next, we examined their effect on yeast cell growth at three different temperatures
(30 �C, 37 �C, and 18 �C) (Fig. 4A and B). We were interested in mutations that displayed
a severe or lethal growth phenotypes yet had minimal impact on protein expression.

We categorized these mutations into three distinct groups based on their growth
phenotype and protein expression levels (Fig. 4C to F and Fig. S1 and Fig. S2). Group 1
displayed lethal to near-lethal growth phenotypes and retained at or near wild-type
protein expression levels. Group 2 also displayed a sick to lethal growth phenotype,
but protein expression was markedly reduced, indicating its importance in protein sta-
bility. Finally, group 3 were mutations that retained at or near wild-type growth under
all temperature conditions, indicating a lack of importance for biological function
under the conditions tested.

Overall, we found Rpb11 is more sensitive to mutations within the heterodimer
interaction interface compared to its paralog AC19 under all growth conditions
(Fig. 4C to F). For instance, nearly twice as many Rpb11 mutations (seven in total) cause

FIG 4 Different residues are required for yeast Rpb11 and AC19 biological function and heterodimerization. (A and B) Heat map summary of yeast plasmid
shuffle growth assays of various Rpb11 (Panel A) and AC19 (Panel B) variants grown at the indicated temperatures. “WT,” wild-type; “EV,” empty vector.
Boxes with light coloring indicates wild-type-like growth while dark coloring indicates a lethal mutation. The bar graph to the right of the heat map shows
the protein expression relative to respective wild-type proteins. (C to F) Surface representation of Rpb11 (PDB 1WCM) (Panels C and D) and AC19 (PDB
4C2M) (Panels E and F). Residues classified as Group 1 (growth defect and stable protein) are colored in red. Group 2 residues (growth defect and unstable
protein) are colored in yellow, and Group 3 residues (no growth defect) are colored in gray. The classification of conservative mutations are depicted in
Panels C and E, and radical mutations are depicted in Panels D and F. (G) Western blot analysis of immunopurified HA-tagged Rpb11 variants in a FLAG-
tagged Rpb3 yeast strain and inputs are shown. (H) Western blot analysis of immunopurified HA-tagged AC19 variants in a FLAG-tagged AC40 yeast strain
and inputs are shown.
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severe growth phenotypes, while this is only observed in four AC19 mutants. Among
the seven Rpb11 mutants displaying severely sick or lethal growth phenotypes at all
temperature conditions, three of the mutants in the ⍺M (T41R, T41I, DHT) and three of
the mutants in the CTH (I94A, F105E, W109R) expressed proteins at or near wild-type
levels (Fig. 4A and Fig. S2A). The remaining Rpb11 mutant (L87R) lacked any detectable
protein expression which is likely the reason for the severe growth defect. Of the AC19
mutations that caused a severe growth defect, only two of the mutations (T71I and
A75R) expressed protein, while the remaining two mutations (T71R, DHT) lessened pro-
tein expression (Fig. 4B and Fig. S2B).

None of the AC19 CTH mutations caused a severe growth defect, although the
mutations L117R and F135E caused a slight growth defect at 37 �C, indicating that the
mutations potentially cause thermal instability. In contrast, four Rpb11 mutations
(L87R, I94A, F105E, W109R) displayed severe or lethal growth defects at all growth tem-
peratures. These findings agree well with our results (Fig. 2A to D and Fig. S2A) that
show the CTH is necessary in Rpb11 for yeast cell growth and heterodimerization,
while it is dispensable in AC19 (Fig. 3A to D), further emphasizing that there is a clear
difference in how the C-terminal helix is utilized by AC19 versus Rpb11.

Interestingly, the Rpb11 L45 residue in the ⍺M and its corresponding AC19 A75 resi-
due position displayed vastly different growth defects. In AC19, the A75R mutation
caused a lethal phenotype at 30 �C and while not affecting AC19 protein expression
(Fig. 4B and Fig. S2B), while Rpb11 L45R grew similar to wild type (Fig. 4A and Fig.
S2A). The remaining mutations in Rpb11 and AC19 displayed largely similar growth
phenotypes. Mutations of the Rpb11 T41 residue and the corresponding AC19 T71 resi-
due, and the ⍺M cluster mutation (DHT) caused moderate to severe growth defects at
all temperatures tested in both paralogs (Fig. 4A and B). The remaining ⍺M mutations
did not cause a severe growth defect in either paralog (Fig. 4A and B). In terms of yeast
cell growth, these results further demonstrate that AC19 and Rpb11 rely on distinct
residues for their biological functions and likely for heterodimerization.

Finally, another key difference between AC19 and Rpb11 are the residues required
for protein stability and/or expression. Five CTH mutations in Rpb11 caused protein
instability (L87R, C91R, I94R, I95A, CII), while three AC19 ⍺M mutations (D69A, T71R,
DHT) caused protein instability (Fig. 4A and B and Fig. S2). Together with the growth
assays, the differences in residues required for protein stability suggest that AC19 is
more resistant to mutations in general compared to Rpb11, and the C-terminus of
Rpb11 is highly sensitive to mutations.

Specific residues of yeast Rpb11 and AC19 paralogs are required for heterodime-
rization. Many of the mutations in the heterodimer interaction interface that caused
severe growth defects did not impact protein stability, therefore we hypothesized that
these mutations could disrupt the heterodimerization between the small and large
alpha-like subunits. To examine this further, we selected two positions in Rpb11 and
AC19 positions that showed a differential growth response between the paralogs.
These mutants include the Rpb11 mutant L45R in the ⍺M and Rpb11 W109R in the
CTH and their paralogous AC19 A75R and AC19 I139R mutations, respectively (Fig. 4C
to F). We transformed HA-tagged versions of wild-type and mutant variants of Rpb11
and AC19 in yeast strains with the large alpha-like subunit Rpb3 and AC40 genomically
FLAG-tagged for heterodimer immunoprecipitation interaction assays.

We found that the Rpb11 W109R and AC19 A75R mutations that cause severe
growth phenotypes, significantly reduced interaction between Rpb11 and Rpb3, and
AC19 and AC40. (Fig. 4G and H). In contrast, their paralogous mutants, AC19 I139R and
Rpb11 L45R, grew at or near wild-type levels and retained near wild-type levels of
interaction with AC40 and Rpb3 (Fig. 4G and H). These differences highlight the poly-
merase-specificity of the alpha-like subunits that we previously established using the
regional mutations and further show that the small alpha-like paralogs utilize distinct
residues for their interaction, even though many of the residues within the dimeriza-
tion domains are conserved in terms of the biochemical nature and atomic position.
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Yeast-human AC19 chimera is more sensitive to mutations than AC19. Although
the eukaryotic Pol alpha-like heterodimers are highly evolutionary conserved, we have
shown that there is species-specificity and polymerase-specificity in how the alpha-like
subunits heterodimerize. These findings may help explain why many TCS point muta-
tions in yeast AC19 have no observable phenotype. The highly conserved ⍺M, which is a
hotspot for TCS mutations, can be exchanged with human POLR1D to complement yeast
cell growth in a yeast-human AC19 chimera (y/h AC19) (Fig. 5A and B)43. If y/h AC19 is in
fact humanized, we anticipate that it is sensitive to mutations like human POLR1D.

We first tested the impact of regional mutations in y/h AC19. The ⍺M mutation in
y/h AC19 caused a lethal growth phenotype, unlike the same mutation in yeast AC19
that had no impact on yeast cell growth (Fig. 5C). Likewise, the CTD mutation caused a
conditional temperature sensitive phenotype (Fig. 5D), indicating that y/h AC19 is
more sensitive to regional mutations like human POLR1D. Each of the mutations were
expressed at or near wild-type protein levels (Fig. 5E).

To investigate the y/h AC19 residue requirements further, a clinically relevant and
well-characterized mutation (G73E) was made in yeast AC19 and y/h AC19 (Fig. 6A).15,56

Previous in vitro studies showed the orthologous mutation in the context of human and
fly POLR1D reduced heterodimer formation.57 Using HHpred to align yeast AC19 and y/h
AC19, the yeast G73E mutation is equivalent to the TCS-causing G52E mutation in
human POLR1D.47 Given the glycine position in the heterodimer interaction interface
within the Pol I structure, it is theorized that replacing glycine with a large negatively
charged glutamic acid would sterically disrupt AC40 interaction (Fig. 6A).51

Using a plasmid shuffle assay, we found that the G73E mutation did not cause a
growth defect in yeast AC19 (Fig. 6B), but the same mutation did cause a severe
growth phenotype in y/h AC19 (Fig. 6E). Each of the G73E mutants in the yAC19 and
y/h AC19 chimera expressed at or near wild-type protein levels (Fig. 6C and F).
Therefore, we tested whether the G73E mutation in y/h AC19 also impacted heterodi-
merization with AC40. We expressed HA-tagged yeast AC19 and the y/h AC19 chimera
in their wild-type and mutant forms in a yeast strain harboring genomically FLAG-
tagged AC40. We found that the G73E mutation in y/h AC19 significantly reduced
interaction with AC40 (Fig. 6G), whereas the G73E mutation in yAC19 retained inter-
action with AC40 (Fig. 6D). Together these results show that humanization of yeast
AC19 make it more sensitive to mutations, similar to human POLR1D, and may serve as
a better yeast model to assess human TCS disease mutations.

FIG 5 Yeast-human AC19 chimera is more sensitive to regional mutations than yeast AC19. (A) Cartoon schematic of humanized AC19 chimera. (B) Ribbon
structure of yeast AC19 (PDB 4C2M) made in PyMOL. The AC19 sequence is colored in pink and the region replaced with the human POLR1D sequence is
colored in purple. (C and D) Yeast plasmid shuffle assay of AC19 chimera variants grown on glucose media containing 5-FOA at 30 �C (Panel C) and at
37 �C (Panel D). (E) Protein expression levels of AC19 chimera variants in yeast analyzed by Western blot.
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The G73E mutation disrupts both Pol I and III complex integrity. Since the G73E
mutations disrupt heterodimer formation, we hypothesized that this mutation would
also affect Pol I complex integrity by impairing binding to the other Pol I catalytic sub-
units that include A190, the largest catalytic subunit. Furthermore, the G73 residue is
near the largest Pol I subunit A190 (Fig. 6A), so mutation of glycine to a bulky and
negatively charged glutamic acid residue could disrupt their interaction. Likewise, dis-
rupting heterodimerization would also impair interaction with A190 since heterodime-
rization is a prerequisite for the rest of Pol I to assemble.2 Using y/h AC19, we
examined the molecular consequence of the G73E mutation on Pol I complex integrity.
We transformed a yeast strain containing a genomically FLAG-tagged A190 subunit
and immunoprecipitated y/h AC19 and y/h AC19 G73E. We found that the G73E muta-
tion reduced interaction with A190 compared to wild-type y/h AC19, indicating that
Pol I complex integrity is impaired (Fig. 6H).

FIG 6 Yeast-human AC19 chimera is sensitive to the clinically relevant G73E mutation associated with TCS. (A) Structural alignment of Yeast Pol I (PDB 4C2M)
and Human Pol I (PDB 7OB9) ribbon structures. Human Pol I in dark gray, yeast Pol I in light gray, human POLR1C in dark blue, yeast AC40 in light blue, human
POLR1D in purple, and yeast AC19 in light pink. Boxes below zoom in on the wild-type POLR1D G52 and AC19 G73 position (left box) and their mutated G52E
and G73E forms (right box). Red dotted circle indicates the location of the G52 and G73 side chains. (B) Yeast plasmid shuffle assay of indicated AC19 variants
grown on glucose media containing 5-FOA. (C) Protein expression levels of indicated AC19 variants in yeast analyzed by Western blot. (D) Western blot analysis
of immunopurified HA-tagged AC19 variants in a FLAG-tagged AC40 yeast strain and inputs are shown. (E) Yeast plasmid shuffle assay of indicated y/h AC19
chimera variants grown on glucose media containing 5-FOA. (F) Protein expression levels of indicated y/h AC19 chimera variants in yeast analyzed by Western
blot. (G) Western blot analysis of immunopurified HA-tagged y/h AC19 chimera variants in a FLAG-tagged AC40 yeast strain and inputs are shown. (H and I)
Western blot analysis of immunopurified HA-tagged y/h AC19 chimera variants in a FLAG-tagged A190 (Panel H) and Rpc2 (Panel I) yeast strain and inputs are
shown. (J) Yeast plasmid shuffle assay of indicated y/h AC19 chimera variants grown on glucose or galactose media containing 5-FOA.
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AC19 is a shared subunit of both Pol I and III, therefore we asked whether the G73E
mutation is Pol I specific or might also affect Pol III complex integrity. We first per-
formed a rescue experiment with a plasmid containing the entire rDNA locus under
the galactose-inducible, Pol II-dependent GAL7 promoter (pNOY-W).58 In the presence
of galactose, lethal phenotypes caused by mutations that specifically affect Pol I are
rescued by Pol II-dependent expression of rRNA from the pNOY-W plasmid, while lethal
phenotypes caused by mutations that would also affect Pol III are not rescued. We
cotransformed an AC19 plasmid shuffle strain with our y/h AC19 plasmid variant with
the G73E mutation and the pNOY-W rescue plasmid and observed no growth rescue in
the presence of galactose (Fig. 6J). This suggest that the G73E mutations is not specific
to Pol I and likely impairs Pol III.

To examine Pol III complex integrity, we immunoprecipitated HA-tagged y/h AC19
from a yeast strain containing a FLAG-tagged Rpc2 subunit, the second largest subunit
in the Pol III complex.Similar to A190, we found that y/h AC19 G73E reduced inter-
action with Rpc2 (Fig. 6I). Together, these findings show that in the humanized yeast
model the G73E mutation reduces interaction with AC40 and impairs both Pol I and III
complex integrity. Overall, our findings demonstrate that the humanized AC19 is more
vulnerable to TCS mutations than yeast AC19, therefore, humanized yeast AC19 serves
as a better yeast model to examine the molecular consequence of TCS disease muta-
tions. It also provides new information on the molecular and biochemical defects
caused by the POLR1D G52E mutation in TCS.

DISCUSSION

Here we show that distinct regions of the eukaryotic small alpha-like subunits are
required for the function and heterodimerization of the Pol alpha-like heterodimer.
More specifically, we find that the alpha-like subunits heterodimerize in both a spe-
cies-specific and polymerase-specific manner (Fig. 7), and the specificity can be altered
by “humanizing” a yeast protein. Even though the small alpha-like subunits are evolu-
tionarily conserved throughout all three domains of life in terms of their sequence,
structure, and function, the regions and residues required for biological function and
heterodimerization are much less conserved between species and their polymerases
and may in fact differ greatly between orthologs and paralogs.

Our studies here help explain why many TCS mutations in yeast AC19 do not result
in an observable phenotype. It appears that yeast AC19 is more resistant to mutations
in both the ⍺M and CTH, which are both hotspots for TCS mutations in POLR1D.15,56

Likewise, our findings also show that human alpha-like subunits are more sensitive to
mutations than their yeast orthologs, which is especially the case for POLR1D. This may
explain why many TCS mutations are found in POLR1D as it is more vulnerable to dis-
ease mutations. This might also be the case for POLR1C that is also mutated in TCS and
4H leukodystrophy.

This disease vulnerability phenomena may also extend to other Pol subunits and
possibly other model systems as some, but not all, clinically relevant mutations cause
disease phenotypes. For instance, 4H leukodystrophy mutations examined in yeast
POLR3A also lack an observable phenotype unless they are combined with a second
mutation (yeast POLR3A G672E) in the pore domain, where nucleotides access the Pol
III active site.44,59 In this case, the second mutation further weakens Pol III activity, sug-
gesting again that the yeast proteins are more resistant to mutations than their human
orthologs in some fashion. The absence of clinical 4H leukodystrophy phenotypes is
also seen in mice models. A homozygous G672E mutation in mouse POLR3A, did not
cause neurological abnormalities, and Pol III transcription was unaffected.45 Our work
highlights the importance of future studies to understand the biochemical and bio-
physical properties that make the human, yeast proteins, and other models, more or
less disease prone.

Several factors likely influence the susceptibility of the human alpha-like proteins
and the resistance of yeast proteins to disease mutations. For instance, changes in the

Interaction Modes for RNA Polymerase Alpha-like Subunits Molecular and Cellular Biology

Volume 43 Issue 6 278



physical properties of the interacting residues between the yeast and human alpha-like
subunits might modify their resistance to mutation.60–62 Changes in the hydrophobi-
city may alter the stability of the protein individually and/or the interaction mecha-
nisms between the large and small subunits.63 In terms of thermal stability of the yeast
and human heterodimers, previous temperature shift studies indicate that the human
Pol I/III alpha-like heterodimer is slightly more resistant to temperature than its yeast
counterpart.43 This suggests that the species-specific differences are possibly at the
residue level. It is likely that the yeast proteins can tolerate mutations within the heter-
odimer as other residues in the small or even large alpha-like subunit compensate bet-
ter than the corresponding residues in the human counterparts. For instance, the yeast
small alpha-like subunits seem more hydrophobic compared to their human counter-
parts, and we speculate that this may be a reason for the yeast small alpha-like subu-
nits and vice versa. Future work is necessary to determine the precise residues
responsible for the species-specific differences.

We used our humanized AC19 yeast model to examine the clinically relevant G52E
mutation in human POLR1D associated with TCS. We found that the corresponding
G73E mutation in y/h AC19 impaired heterodimer formation, consistent with our previ-
ous in vitro findings for the human and Drosophila heterodimers.57 Here, we also
extended these findings to show that the G73E mutation in the humanized AC19 dis-
rupted Pol I and III complex integrity. This is another example of where a TCS point
mutation disrupts both Pol I and III, and it remains unclear if all POLR1D mutations
impact both Pol I and III or if any are Pol I specific. Our studies demonstrate that
humanization of yeast AC19 makes it more susceptible to mutations than yeast AC19,
including TCS G73E. More specifically our results show that humanizing AC19 and pos-
sibly other Pol subunits will more accurately reflect the molecular consequence of dis-
ease mutations in humans.

To date, less than half of the yeast genes are functionally interchangeable with their
human orthologs.64 Previous yeast growth complementation studies show that human
POLR1D cannot replace yeast AC19.65 However, with targeted sequence and/or
domain replacement we can expand the number of humanized genes that functionally

FIG 7 Differential contribution of the small alpha-like subunits alpha-motif and CTD for heterodimerization in yeast and human. Modular schematic of the
small and large alpha-like subunit heterodimer pairs in yeast and human depicting the distinct contributions of the alpha-motif (red box) and CTD (green
bar) for their interaction. The small yeast and human alpha-like subunits are depicted as pink and purple bars, respectively. The large yeast and human
subunits are colored in violet and blue, respectively. Arrow thickness indicates the contribution of the region to the heterodimerization (a greater
contribution is shown by thicker arrows). Protein names are labeled to the left of the schematic, along with the corresponding yeast¼ and human cartoons
next to the protein names indicating the species. The yeast-human chimera combines both yeast and human cartoons. The Pol the heterodimer is present
and is indicated to the left of the species. “II” indicates Pol II, and “I/III” indicates Pols I and III.
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replace their yeast orthologs, like we accomplished with our humanized yeast AC19.
The humanized yeast proteins can be used to explore the molecular genetics and bio-
chemistry of human disease mutations. In summary, our humanized AC19 provides a
better yeast model to understand the molecular basis for how POLR1D-associated TCS
mutations affect Pol I/III function.

MATERIALS ANDMETHODS

Protein sequence and structure analysis. Pairwise sequence alignments of the small alpha-like
homologs were made using HHPred MPI Bioinformatics Toolkit under default settings.47 The pairwise
alignments were used to produce a multiple sequence alignment of all the small alpha-like homologs.
Protein sequences were obtained from UniProt and the indicated UniProt ID shown in Table S1. To pre-
dict what residues were important for heterodimerization in Rpb11 and AC19, an online software
BIPSPIþ (https://bipspi.cnb.csic.es/) was used.55 For Rpb11/Rpb3, the structures for chains K and C were
uploaded, and for AC19/AC40, the structures for chains O and G were analyzed by BIPSPIþ under default
settings. We also visually compared the atomic crystal structures of the two alpha-like heterodimers
(Rpb11 PDB 1WCM and AC19 PDB 6RUO) in PyMOL. Rpb11 and AC19 residue side chains within the het-
erodimerization interface pointing towards or near residues of Rpb3 and AC40, respectively, were pre-
dicted to be important for protein-protein interaction. All protein structure images were made using
PyMOL. PyMOL mutagenesis wizard was used to make the G73E mutation in the structure.

Heterodimer protein expression and purification. Yeast and human versions of wild-type and
mutant Rpb11 homologs and wild-type Rpb3 homologs were recombinantly co-expressed in Rosetta 2
(DE3) pLysS Competent cells (Novagen) by autoinduction in TB5052 media for 18 h at 37 �C. Rpb11
homologs were all inserted into a pET-DUET-1 vector and Rpb3 homologs were all inserted into a pCDF-
DUET-1 vector. Cells were harvested by centrifugation, and cell pellets were washed once with Tris-buf-
fered saline (TBS) (50mM Tris Base pH 7.5, 150mM sodium chloride). Cell pellets were resuspended in
5mL/g of lysis buffer (20mM Tris-HCl pH 7.5, 200mM KCl, 10% glycerol, 0.1mM EDTA, 20mM imidazole,
0.05% tergitol) and lysed by sonication. Lysates were cleared by centrifugation, and cleared lysates were
added to Ni-NTA agarose beads and incubated for 18 h at 4 �C. The bound beads were then washed four
times with wash buffer (20mM Tris-HCl pH 7.5, 750mM KCl, 10% glycerol, 0.1mM EDTA, 20mM imid-
azole, 0.05% tergitol) and eluted with 75lL elution buffer (20mM Tris-HCl pH 7.5, 200mM KCl, 10% gly-
cerol, 0.1mM EDTA, 250mM imidazole, 0.05% tergitol) three times. Elutions were pooled and analyzed
by SDS-PAGE and Western blots with indicated antibodies.

Yeast strains and cell growth assays. Yeast strains used were made in the BY4705 genetic back-
ground (MATa ade2-1 ade2D:: hisG his3D200 leu2D0 lys2D0 met15D0 trp1D63-112 ura3D0). Rpb11 and
AC19 plasmid shuffle strains contained a chromosomal deletion of Rpb11 and AC19, respectively, using
the pAG32 hygromycin B deletion cassette. The deletion strains were then transformed with a plasmid
construct pRS316 that included either the Rpb11 or AC19 gene locus with a URA3-selectable marker.
The indicated Pol subunits were then C-terminally FLAG-tagged in the shuffle strains. The yeast strains
were transformed with indicated plasmids (Table S2). Cells were grown on glucose complete (GC)
medium lacking leucine, and then spotted or streaked onto GC-Leuþ FOA (5-fluoroorotic acid) plates,
incubated at the indicated temperatures for 2–4 days, and then assessed for growth relative to WT.

Yeast immunoprecipitations. HA-tagged proteins were purified from mid-log-phase cultures grown in
GC media lacking leucine. For HA-tagged Rpb11 IPs, either WT HA-tagged Rpb11 or mutant HA-tagged
Rpb11 constructs were transformed into Rpb11 deleted yeast strains containing chromosomally FLAG-
tagged indicated Rpb3 genes. A similar system was used for HA-tagged AC19 IPs. Wild-type HA-tagged
AC19 or AC19 variants were transformed into AC19 deleted yeast strains in containing chromosomally
FLAG-tagged AC40. Cells were collected by centrifugation and lysed by bead beating in a Bioruptor (info)
using zirconia beads in lysis buffer (100mM Tris pH 7.9, 250mM ammonium sulfate, 1mM EDTA, 10% gly-
cerol, supplemented with 0.5mM DTT, 0.5mM PMSF, and protease inhibitors). Lysates were cleared by cen-
trifugation and approximately 4mg of the lysate supernatant was diluted with two volumes of dilution
buffer (25mM HEPES pH 7.5, 50mM NaCl, 1mM EDTA) and 10lL of anti-HA magnetic beads (Bimake).
Solutions were then incubated overnight at 4 �C on a rotator. The samples were washed three times in
1mL of TBS containing 0.1% Tween, and proteins were eluted using 1� Laemmeli sample buffer (BioRad)
at 95 �C for 5min. Samples were run on a 4–20% Tris-glycine polyacrylamide gradient gels (BioRad) in Tris-
glycine-SDS running buffer for 35min at 200 volts and analyzed using Coomassie stain or Western blots.
Antibodies used were anti-HA-tag antibody (F-7): sc-7392; rabbit FLAG tag polyclonal antibody (Invitrogen
PA1-984B), mouse monoclonal anti-FLAG M2 antibody (Sigma F1804).
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